Suspensions of Eubacterium sp. strain 144, prepared from cells grown with 16-dehydroprogesterone, catalyzed the reduction of this steroid to 17-isoprogesterone at a very low rate. Modifications of the assay to optimize the pH (5.5) and increase the steroid solubility (10% [vol/vol] methanol) did not significantly enhance the reaction. However, growth of strain 144 in the presence of hemin was found to stimulate 16-dehydroprogesterone reductase during the initial 30 min of incubation, giving a biphasic time course. These biphasic kinetics could be eliminated by providing the cells with an exogenous electron donor. Strain 144 used either H2 or pyruvate for this purpose, and 17-isoprogesterone formation was nearly complete after 20 to 30 min of incubation. However, under these conditions, strain 144 further converted 17-isoprogesterone to products which lacked UV absorbance (254 nm). When progesterone was used as a substrate, it was found that strain 144 could reduce the C4-C5 double bond of this steroid by a progesterone reductase to give mostly 513-pregnadione and some 5oa-pregnadione. Furthermore, the 3-keto group of Sl-pregnadione steroid was also reduced to a hydroxy function. The maximum activities of both 16-dehydroprogesterone and progesterone reductases in cell suspensions required the growth of strain 144 with hemin and 16-dehydroprogesterone and the presence of H2 or pyruvate.
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Eubacterium sp. strain 144 is an anaerobic bacterium which converts 16cx-hydroxyprogesterone to 17-isoprogesterone in rat intestinal tracts (3, 20) . In vitro, this reaction occurs in two distinct steps, each believed to be mediated by a separate enzyme system (20) . The first step is catalyzed by 16ot-hydroxyprogesterone dehydroxylase (16oa-dehydroxylase) which dehydrates 16ot-hydroxyprogesterone to 16 -dehydroprogesterone. Properties of this enzyme in cell extracts of strain 144 have been reported recently (11) . The reaction is reversible, and growing cultures or cell extracts will hydrate 16-dehydroprogesterone (10, 11) .
The second step of the steroid conversion involves the reduction of 16-dehydroprogesterone to 17-isoprogesterone. This reaction is catalyzed by 16-dehydroprogesterone reductase. Very little is known about this enzyme. Bjorkhem et al. (1) showed that suspensions of mixed rat cecal bacteria incorporated deuterium arising from D20 into the C16-C17 double bond of 3fi-hydroxy-5,16-pregnadiene-20-one, giving deuterated 3fi-hydroxy-17a-5-pregnene-20-one. Further analysis of this product led them to propose the reduction occurred by a trans addition of hydrogen to the 16cx and 1713 positions. Winter et al. (20) observed that although strain 144 catalyzed the reduction of 16-dehydroprogesterone, the rate of the reaction in cultures was very slow. Moreover, an attempt to detect 16 -dehydroprogesterone reductase activity in cell extracts was not successful. Glass and Burley (10) confirmed the slow rate of 16-dehydroprogesterone reduc- tion by strain 144 cultures. They also found that the addition of chloramphenicol or rifampin to these cultures delayed or prevented the formation of 17-isoprogesterone. Further-more, the ability of strain 144 to produce 17-isoprogesterone declined with culture age at the time of steroid addition.
The present investigation was undertaken to examine the 16-dehydroprogesterone reductase activity of strain 144 (8, 12) . Cysteine was omitted and replaced by Na2S as described previously (10) . Unless otherwise indicated, 16-dehydroprogesterone (1 mg/ml of methanol) was added to the autoclaved medium to give final concentrations of 32 ,uM steroid and 1% (vol/vol) methanol. The steroid stock solution, in a serum-stoppered bottle, was made anaerobic by bubbling with Ar for a few minutes just before addition to the medium. During this study, the medium was modified further by the addition of hemin to give a final concentration of 5 ,ug/ml (13 (14) as modified by Bryant (4) . The growth of bacteria was estimated by absorbance at 660 nm with a Beckman M24 spectrophotometer.
Preparation of cell suspension. One or two batches of medium (400 ml in a 500-ml, round-bottom flask sealed with a black butyl rubber stopper) were inoculated with 1 ml of a 24-h culture. The cells were incubated for 17 to 18 h (0.15 to 0.25 absorbance) which corresponded to the early log phase of growth (10) . The cultures were harvested by centrifugation ( Steroid analysis. Periodically, 0.5-ml samples of the assay mixture were withdrawn and added to 0.5 ml of 0.5 N H3PO4 to stop the reaction. The steroids were extracted with diethylether, separated by high-pressure liquid chromatography, and quantitated by UV absorbance at 254 nm as described previously (10) . The products of progesterone reduction by strain 144 were extracted from the reaction and analyzed by thin-layer chromatography with Baker-flex silica gel 1B2 plates and the solvents of Bokkenheuser et al. (2) . The steroids were detected with phosphomolybdate reagent. These samples were also analyzed by gas-liquid chromatography with a Hewlett Packard 5880 gas-liquid chromatograph-integrator equipped with a flame ionization detector. A 12-m Hewlett Packard capillary column packed with cross-linked methyl silicone was used to resolve the steroids. Helium was the carrier gas at 1.0 ml/min. The injector temperature was 250°C, the column temperature was programmed from 240 to 270°C at 15°C/min, and the detector temperature was 300°C. Steroids were identified by comparison with known standards. Protein determination. Total cell protein was determined by the Lowry procedure (16) . A portion of the cell suspension was mixed with an equal volume of 2 N NaOH and incubated at room temperature for 24 h before the assay. Bovine serum albumin, treated in the same manner, was used as the standard.
Chemicals. The following steroids were obtained from Steraloids, Inc., Wilton, N.H.: 16ox-hydroxyprogesterone (16cx-hydroxy-4-pregnen-3,20-dione), progesterone (4-pregnen-3,20-dione), 5ox-pregnadione (5cx-pregnane-3,20-dione), 5,B-pregnadione (5,B-pregnane-3,20-dione), 3cx-hydroxypregnanolone (3a-hydroxy-53-pregnane-20-one), 3p-hydroxypregnanolone (33-hydroxy-53-pregnane-20-one), and 3p-hydroxy-5o-pregnanolone (3O3-hydroxy-5ox-pregnane- ously that preliminary attempts to assay the 16-dehydroprogesterone reductase in cell suspensions were complicated by the formation of a steroid identified as progesterone (10) . In the present study, the use of physiologically young cells and low assay p1I seems to have prevented the formation of this product.
Hentin stimulation of enzyme activity. Despite optimizing the pH of the assay and increasing the steroid solubility with a higher methanol concentration, the activity of 16- dehydroprogesterone. reductase was still not impressive.
Increasing the steroid concentration in the assay did not stimulate the enzyme activity. However, to ensure that the 16-dehydroprogesterone concentration was not limiting, subsequent assays were done at a steroid concentration of 256 ,uM.
Supplementing the growth mediiim with trace heavy metals also did not enhance 16-dehydroprogesterone reductase activity. However, during these experiments, we tested hemin-supplemented growth medium for its effect on the enzyme activity of the cell suspensions. Hemin has been shown to stimulate the production of cytochromes in Eubacterium lentum, although the functions of these electron carriers are not clear (19) . Strain 144 cells grown in the presence of hemin had considerably higher 16-dehydroprogesterone reductase activity compared with cells grown in the absence of this compound (Fig. 2) . The stimulation (fourfold) was greatest during the first 30 mirm of incubation; thereafter, the reaction rate decreased, giving a biphasic time course. The effect of hemin did not appear to be due to the provision of iron since the tnedium was normally supplemented with FeSO4 (12) . Moreover, cells grown with protoporphyrin IX also showed the stitnulated 16- dehydroprogesterone reductase activity.
H2 or pyruvate stimulation of enzyme activity. Although the 16-dehydroprogesterone reductase activity of hemin-grown cells was increased over that of unsupplemented cells, this effect was manifested mostly during the first 30 nmin of assay. Such a pattern suggested that, after this time, the reaction became limited for either 16-dehydroprogesterone or for an endogenous source of reducing equivalents. Varying the steroid concentration over a fourfold range (64 to 256 FM) had no effect on the activity of 16-dehydroprogesterone reductase during the first hour of incubation (data not shown). Thus, steroid concentration did not limit the reaction. Figure 3 shows the dependence of the H2-stimulated 16-dehydroprogesterone reductase reaction on cell protein and time. The reaction rate was proportional to added cell protein above a concentration of 0.5 mg/ml (Fig. 3A) . At lower cell protein concentrations, the activity was variable and, in some experiments, could not be detected. Figure 3B indicates that the reduction of 16-dehydroprogesterone was linear with time over the first 15 min of incubation at the highest protein concentration tested.
Reduction of ring A. The time course of H2-stimulated 16-dehydroprogesterone biotransformation by cell suspensions of strain 144 is shown in Fig. 4 . Initially, the addition of 16-dehydroprogesterone resulted in an immediate (<30 s) hydration ofthe steroid such that a mixture of 16-dehydroprogesterone and 16a-hydroxyprogesterone was present at time zero. 16-Dehydroprogesterone was then reduced to 17-isoprogesterone, and this reaction was terminated after 30 min by exhaustion of the steroid substrates. Surprisingly, it was found that 17-isoprogesterone was not the end product of strain 144 steroid biotransformation. 17-Isoprogesterone was transformed further during the remainder of the incubation, but the product(s) was not detectable by our procedures (Fig. 4) .
The simplest explanation for these data would be the conversion of 17-isoprogesterone to a form which did not absorb UV light at 254 nm. This could occur through the reduction of the C4-C5 double bond in the A ring. To test this possibility, progesterone was used as a substrate because the potential product standards are commercially available. Thin-layer chromatography of the steroids extracted from a 4-h incubation (under H2) of progesterone with strain 144 indicated the presence of a steroid that comigrated with the two (Sa-and 5,B-) pregnadione standards which were not resolved. Gas-liquid chromatography of similar preparations showed that both 5x-and 5p-pregnadione were produced by strain 144 from progesterone. Moreover, 3-hydroxy-5p-pregnanolone was also detected, but whether this was the 3a or 3p epimer could not be determined from the gas-liquid chromatography data. However, we have recently found that cell extracts of strain 144 contain an NADP-linked hydroxysteroid dehydrogenase active with 3a-hydroxy-5p-pregnanolone but not with the 3,-hydroxy epimer. No activity was detected when NAD replaced NADP. Figure 5 illustrates the kinetics of progesterone transformation by strain 144 in the presence of H2. The initial reactions were the reduction of the C4-C5 double bond catalyzed by progesterone reductase and the 3-keto group catalyzed, presumably, by the 3ac-hydroxysteroid dehydrogenase to yield predominantly 5f steroids. 5ot-Pregnandione was formed but appeared to be a minor product of progesterone reduction. For reasons which are not clear, the reduction of progesterone generally did not go to completion. This is in contrast to the results obtained with 17-isoprogesterone (Fig. 4) .
Control of steroid reductase activities. Certain features of the experiments conducted during this study indicated growth conditions which were important for obtaining the maximum activities of the steroid reductase enzymes produced by Eubacterium sp. strain 144. Table 2 summarizes the results of several experiments which illustrate these conditions. Cells of strain 144 grown in the presence of hemin but without added steroid showed no detectable 16-dehydroprogesterone reductase or progesterone reductase activities. Cells grown with 16-dehydroprogesterone but without added hemin had minimal activities of these enzymes. However, the stimulatory effect of H2 or pyruvate on the reactions was not dramatic. Only when strain 144 was grown in the presence of both hemin and steroid were maximum activities of the steroid-transforming enzymes obtained. Moreover, only under these conditions was the stimulation of enzyme activities by pyruvate and H2 clearly evident.
The activities of the progesterone and 16-dehydroprogesterone reductases in growing cultures of strain 144 were also apparently stimulated by hemin. Samples of the culture medium were assayed routinely for steroid content when the cells were harvested. Of the 32 ,uM 16-dehydroprogesterone present initially, cells grown in the absence of hemin had formed a mixture of 16a-hydroxyprogesterone, 16- dehydroprogesterone, and 17-isoprogesterone which accounted for 66% (21 nmol/ml) of the steroid added. In contrast, cells grown with hemin had produced 17-isoprogesterone as the sole detectable product (UV absorption), but this compound accounted for only 28% (9 nmol/ml) of the initial 16-dehydroprogesterone. DISCUSSION The results of this study show that cell suspensions of Eubacterium sp. strain 144 catalyzed a rapid reduction of 16-dehydroprogesterone to 17-isoprogesterone. This occurred when strain 144 was grown in the presence of 16-dehydroprogesterone and hemin. Moreover, the maximum activity of 16-dehydroprogesterone reductase required the provision of an exogenous electron donor, and strain 144 could use either H2 or pyruvate to fulfill this requirement. However, when these conditions were met, it became apparent that strain 144 possessed additional steroid-transforming activities not previously observed (3, 10, 20) . These included the reduction of the C4-C5 double bond and 3-keto group. Figure 6 illustrates the biotransformation of 16a-hydroxyprogesterone by strain 144 based on the results of this and earlier studies (10, 12, 20 catalyzed by 16a-dehydroxylase (10, 11, 20 (15, 19) . However, spectrophotometric evidence for the presence and function of cytochromes in strain 144 must still be obtained. Figure 6 does not exclude the possibility of cytochrome-independent steroid reductase activity in strain 144. However, such activity appears to be very low and may reflect contamination of the complex medium with traces of hemin.
The hemin stimulation of the 16-dehydroprogesterone and progesterone reductases in strain 144 could account for several observations made before on the steroid biotransformations of this bacterium when grown in the absence of hemin. These include the low rate of 17-isoprogesterone formation by cultures of strain 144 (10, 20) , the decreased ability of aging cultures to produce 17-isoprogesterone from 16-dehydroprogesterone (10) , and the inability to detect progesterone reductase activity (3, 10, 20) . With respect to the second observation, we have also suggested that this may be due to the exhaustion of an oxidizable substrate that supplies electrons to the 16-dehydroprogesterone reductase (10) . Regarding the third observation, it was reported previously that the recovery of steroids from our medium samples was incomplete (10) . This was attributed to a reaction(s) between 16-dehydroprogesterone and unidentified medium components present in tryptic soy broth and yeast extract. It would now seem that a portion of this steroid "loss" could also be accounted for by a low rate of progesterone reductase activity.
The transformation of 16ot-hydroxyprogesterone by mixed intestinal flora of humans and animals yields 17-isopregnanolone as the ultimate product (2, 6). However, in rats this steroid occurs as the 5cx isomer, whereas the human flora forms the 5p isomer (2) . The conversion of 16o-hydroxyprogesterone to 17-isoprogesterone was attributed to Eubacterium sp. strains 144 and 146 (3). Winter et al. (20) showed that coculture of strain 144 with Clostiridiiin parapuitrificuim was required for the reduction of ring A and the 3-keto group to obtain 17-iso-5p3-pregnanolone. As shown in the present study, strain 144 is capable of ring A reduction independent of C. paraputrificum, provided hemin is available. Such a condition could be met in the intestinal tract. Moreover, once the A ring has been reduced, strain 144 can also reduce the 3-keto group.
The H2 stimulation of the 16-dehydroprogesterone and progesterone reductases of Eiubacteriiirn sp. strain 144 is similar to the effect of H2 on the deoxycorticosterone-21-dehydroxylase activity of E. lentiin VPI 11122 (9) . In both instances, hydrogenase activity was indicated by methylene blue reduction. E. lentuin and various phenotypically similar strains catalyze a variety of reductive biotransformations, including the inactivation of the cardiac glycoside digoxin (5), the 7at dehydroxylation of bile acids (17) , and the hydrogenation of long-chain unsaturated fatty acids (7). Little is known concerning the biochemistry of these reactions in the E. lentirm strains. They are similar in requiring a source of reducing equivalents which are not provided by the arginine deiminase pathway of E. lentiumn (18) but which can exert a considerable control on the rates of the reactions. Given the presence of hydrogenase in E. lenttlum VPI 11122 and Eubacteriuem sp. strain 144, it is possible that related strains also contain H2-oxidizing electron transport systems that serve to provide electrons for the reductive biotransformations these bacteria catalyze. In the human intestinal tract, H2 is normally present and could serve as the major electron donor for these reactions. In vitro, in the absence of H2, other compounds must be oxidized to provide the reducing equivalents. Since E. lentum and related strains do not ferment carbohydrates, the most likely substrates would be amino acids or peptides present in the medium. The ability of strain 144 to use pyruvate for this purpose may indicate such an amino acid-degrading pathway that proceeds through pyruvate.
